Abstract. This study investigated operational factors influencing the removal of steroid 18 estrogens and alkylphenolic compounds in two sewage treatment works, one a 19 nitrifying/denitrifying activated sludge plant and the other a nitrifying/denitrifying 20 activated sludge plant with phosphorus removal. Removal efficiencies of >90% for 21 steroid estrogens and for longer chain nonylphenol ethoxylates (NP 4-12 EO) were observed 22 at both works, which had equal sludge ages of 13 days. However, the biological activity 23 in terms of milligrams of estrogen removed per tonne of biomass was found to be 50-60% 24 more efficient in the nitrifying/denitrifying activated sludge works compared to the works 25 which additionally incorporated phosphorus removal. A temperature reduction of 6°C 26 had no impact on the removal of free estrogens, but removal of the conjugated estrone-3-27 sulphate was reduced by 20%. The apparent biomass sorption (LogKp) values were 28 greater in the nitrifying/denitrifying works than those in the nitrifying/denitrifying works 29 with phosphorus removal for both steroid estrogens and alkylphenolic compounds 30 possibly indicating a different cell surface structure and therefore microbial population. 31
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Introduction 38
Natural and synthetic estrogens and non-ionic surfactants such as alkylphenol 39 polyethoxylates (APEOs) are endocrine disrupting chemicals (EDCs) that can cause 40 adverse effects on the sexual and reproductive systems in wildlife and fish (1, 2) . The 41 effluents discharged from sewage treatment works (STWs) are major sources of these 42 anthropogenic chemicals to the aquatic environment (3) . In addition, APEOs biodegrade 43 during wastewater treatment to generate the parent alkylphenols (AP), octylphenol (OP) 44 and nonylphenol (NP), the shorter chain mono to triethoxylates (NP 1 EO, NP 2 EO and 45 NP 3 EO) and a range of carboxylated intermediate by-products (4, 5) which are more 46 estrogenic than their parent substances (5) (6) (7) (8) . In the aquatic environment these 47 compounds are amenable to further biotransformation and bioconcentration (9) and may 48 potentially bioaccumulate (10) ; as a consequence of this behaviour complex issues for 49 environmental health arise (2) . While secondary biological treatment of wastewater 50 significantly reduces the concentration of some of these compounds, as presently 51 configured and operated, these processes cannot afford adequate protection of the aquatic 52 environment (11) . Regulatory authorities are seeking to reduce and ultimately eliminate 53 this problem. In the UK, a £40 million ($75 million) National Demonstration Program 54 (NDP) has been undertaken by the water industry as part of the asset management plan 55 four (AMP4) settlement, initiated by the Environment Agency (EA) of England and 56 works examined had equivalent SRTs and HRTs but varying sludge loadings as measured 168 by the food to microorganism ratio (F:M) (g BOD. g -1 MLVSS.d -1 ) ( Table 1) . 169 final effluent from a 100,000 population equivalent (PE) STW (37) . In this present study, 185 the mass of E1+E2 in the settled sewage ranged from 757-3859 mg d -1 and in final 186 effluents from 66 mg d -1 to 291 mg d -1 , indicating that significantly more biodegradation 187 was occurring in the STWs in this study. The negative removal efficiencies for E1 188 observed by Carballa et al. were suggested to be due to conversion of E2 to E1 which was 189 then more slowly degraded during secondary treatment (38) . In this present study, higher 190 removals were observed for E1, with degradation occuring during biological treatment in 191 both the N/DN and N/DN-P works. It can only be hypothesized that the lack of E1 192 degradation in the study by Carballa et al. was potentially due to the low SRTs (38) . 193 Kreuzinger et al. proposed that higher SRTs (e.g. in works with nitrification) allowed the 194 enrichment of slowly growing bacteria and consequently the establishment of a more 195 diverse biocoenosis with broader physiological capabilities and greater potential for EDC 196 removal compared to STWs with low SRTs (35) . At the works studied by Kreuzinger et 197 al. the E1+E2+E3 mass balance removals varied from: 16% with a SRTs of <1 day; 66% 198 with a SRT of 9.6 days; 98% with a SRT of 24 days. The removal efficiencies in this 199 study support these findings and were between 78 -80% in both the N/DN and N/DN-P 200 works for E1+E2+E3 which both had equivalent SRTs of up to 13 days (Table 1) . 201 organisms (40) and that the ability to remove EDCs is assumed to be a property of some 265 of the slower growing organisms that can only colonise the treatment plant at long sludge 266 ages. It is unlikely that the presence of EDCs are specifically selecting for these 267 organisms, as the low concentrations of EDC found in wastewaters could only support a 268 small number of cells. It is more likely that EDC degradation occurs fortuitously in 269 organisms scavenging a wide range of carbon sources and there is recent evidence that 270 the primary mechanism for EE2 degradation in STWs is more likely to be due to the 271 activity of heterotrophic bacteria than ammonia oxidising bacteria (41) . Heterotrophic 272 organisms that efficiently scavenge low concentrations of a resource are sometimes 273 referred to under the descriptive population term of "K strategists" (42) that the low removal of E1-3S was probably due to the low activity of arylsulphatase 299 enzymes (caused by the low temperature) or the absence of bacteria containing these 300 enzymes during the cold season (48) 
study fully nitrified and therefore dissolved oxygen (DO) was not thought to directly 305 influence EDC biodegradation in this study. It has been demonstrated that degradation of 306 steroid estrogens is associated with the co-metabolism of the ammonia oxidizing bacteria 307 in nitrifying activated sludge (50) which may dominate nitrifying plants such as those 308 sampled in this study. However, there is strong evidence that cometabolic degradation of 309 EE2 by ammonia oxidising bacteria is not an important removal mechanism in STWs 310 (41) . Therefore, the difference in removal of EDCs between the N/DN and N/DN-P 311 works was probably not due to the biochemical activity of ammonia oxidizing bacteria, 312 but may result from the metabolic activity of heterotrophic organisms able to utilise 313 resources present at low concentrations, such as the "K strategists" (42) There is an indication in the data presented in Table 3 that (Table 3) . 332
333
Results for the two STWs examined in this study demonstrated that in the settled sewage 334 20-30% of E1, E2 and EE2 were associated with suspended solids, however, for the more 335 hydrophilic E3 and E1-3S this decreased to around 10%. This is in agreement with results 336 from studies using radiolabelled E2 to determine the fate of estrogens in STWs (51) 337 which found that at low concentrations, the majority of the radiolabelled E2 remained in 338 the liquid phase and did not adsorb to the solids. Therefore, biodegradation appears to be 339 the dominant removal pathway for steroid estrogens, as demonstrated in Figure 2 , where 340 mass balance calculations indicate that ≥ 70% of the total steroid estrogens were 341 biodegraded. In contrast adsorption to solids was a more significant for NPEOs with 342 biodegradation observed at ≥41%. The use of tertiary treatment processes (GAC, Ozone, Membrane Filtration) are currently 380 being evaluated to assess their ability to achieve PNEC values (12) . However, all of these 381 processes come at a high environmental and economic cost (21) . It would therefore, be 382 highly desirable to operate secondary biological treatment processes to achieve an 383 environmental sustainable solution for EDC removal. The difference in specific biomass 384 activity identified in this study, does suggest that there is the potential for enhancement of 385 EDC removal by biological wastewater treatment. If more detailed knowledge of the 386 factors responsible for these differences can be identified it may allow for 387 maximising .removal during the treatment process. KEY: PE -population equivalent; Q -total flow; HRT -hydraulic retention time; SRT -solids retention time; DO -dissolved oxygen; MLVSS -mixed liquor volatile suspended solids; F:M food to microorganism ratio; COD -chemical oxygen demand; BOD -biological oxygen demand; NH 4 -N -ammoniacal nitrogen; NO 3 -N -nitrate nitrogen; P -orthophosphate; TSS -total suspended solids. The works MLVSS, COD, BOD, NH 4 -N, NO 3 -N, P, TSS values are from daily duplicate samples averaged over the 5 day sampling period. Total flow, DO, temperature, pH were daily averages from on-line continuous recorders. The DO set point was 1.5 mg l -1 for both works. The variation was ± 1 mg l -1 for the N/DN works and ± 3 mg l -1 for the N/DN-P works. n/d = not determined A. Nitrifying/Denitrifying (N/DN) works operating with no internal recycle and a plug flow aerobic zone.
B. Nitrifying/Denitrifying with Phosphorus removal (N/DN-P) works operating with no internal recycle and a plug flow aerobic zone. 
